Multiple parasitic arthropods of medical importance depend on symbiotic bacteria. While the link between scabies and secondary bacterial infections causing post infective complications of Group A streptococcal and staphylococcal pyoderma is increasingly recognized, very little is known about the microbiota of Sarcoptes scabiei. Here we analyze adult female mite and egg metagenome datasets. the majority of adult mite bacterial reads matched with enterobacteriaceae (phylum proteobacteria), followed by corynebacteriaceae (phylum Actinobacteria). Klebsiella was the most dominant genus (78%) and Corynebacterium constituted 9% of the assigned sequences. Scabies mite eggs had a more diverse microbial composition with sequences from Proteobacteria being the most dominant (75%), while Actinobacteria, Bacteroidetes and Firmicutes accounted for 23% of the egg microbiome sequences. DNA sequences of a potential endosymbiont, namely Streptomyces, were identified in the metagenome sequence data of both life stages. The presence of Streptomyces was confirmed by conventional PCR. Digital droplet PCR indicated higher Streptomyces numbers in adult mites compared to eggs. Streptomyces were localized histologically in the scabies mite gut and faecal pellets by fluorescent In Situ Hybridization (fiSH). Streptomyces may have essential symbiotic roles in the scabies parasite intestinal system requiring further investigation.
. Comparison of cleaning procedures of scabies eggs. Concentrations of 16S rDNA amplicon copy numbers generated from scabies egg samples treated with four different cleaning solutions. Statistically significant differences between treated samples and compared to unwashed control are indicated by *. Statistical differences were determined using 1-way ANOVA, Dunnett's multiple comparisons test (**p ≤ 0.005) and (***p ≤ 0.0005).
Abundance of Streptomyces in adult female mites and eggs. In order to quantify the numbers of
Streptomyces sp. compared to the highly abundant K. pneumoniae in adult female mites and in eggs, ddPCR was performed on genomic DNA separately prepared from 23 samples of mites and eggs respectively, with each sample containing approximately 100 mites or eggs. Washed vs. unwashed samples were included to obtain a preliminary estimate of the ratio of internal vs external bacteria. The numbers of bacteria were calculated based on the numbers of 16S rDNA copies per bacteria. Adult female mites contained more Streptomyces sp. and K. pneumoniae than eggs ( Fig. 3a,b ). In the DNA preparations from adult mites K. pneumoniae were present at a 10 4 times higher abundance than Streptomyces sp. (Fig. 3a,b ), whereas in egg preparations approximately 3 fold more K. pneumoniae than Streptomyces sp. were detected. There were no significant differences in the ratios of either bacteria between the washed and unwashed adults or between washed and unwashed eggs ( Fig. 3a,b) indicating that, albeit much more abundance in adults, both bacteria could be present within and on the external surface of the mites and eggs. Nonetheless, the striking enrichment of Streptomyces relative to K. pneumoniae in the egg DNA preparations begged the question whether some of Streptomyces were likely to be within eggs.
Streptomyces sp. and K. pneumoniae belong to the mite intestinal microflora and are detectable in the mite gut and in feces. To address the above question, Fluorescent In Situ hybridization (FISH) experiments were performed using probes against Streptomyces sp. and K. pneumonia. We found that these Streptomyces are categorized to "others". For more detail see S2_Fig. 1. Sequence data were annotated using Kraken and visualized using the software package R. bacteria localized to the digestive tract and feces of the adult female scabies mites ( Fig. 4a,b ) and co-localized with a Eubacteria probe. None of these bacteria were detected within or on the surface of eggs ( Fig. 4c ), nor were they detected in the reproductive organs.
Discussion
Studies investigating the function and influence of the microbiota on the biology and pathogenicity of the host organism have been reported for a number of free living mites and ticks, and for a few parasitic mites such as the sheep scab mite, Psoroptes ovis 35, 36 and the poultry mite Dermanyssus gallinae 24, 37 . Here, we investigated the internal microbiome of scabies mites S. scabiei var. suis, as a model for the human biovar S. scabiei var. hominis.
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Streptomyces ochraceiscleroticus strain R2 Table 1 . BLASTn analysis confirming the presence of Streptomyces in the adult female mite and egg metagenomes. BLASTn results retrieved from the conventional PCR using Streptomyces -specific primers in gDNA extracted from adult scabies female mites and eggs.
Figure 3.
The number of (a) Streptomyces sp. and (b) K. pneumoniae present in washed vs. unwashed adult female scabies mites and eggs respectively. One ng of gDNA from 50-100 adult female mites or eggs was used as a template for duplex ddPCR using Streptomyces genus-specific and K. pneumoniae specific primers. Results are shown as means ± SEM from three independent experiments. The statistical significance of the differences between the numbers of bacteria in washed vs unwashed samples was estimated using 2 way ANOVA with Sidak's multiple comparison test, ns: not significant.
The literature differs in regards to the methods of removing external bacterial DNA from arthropods and how to analyse the microbiota. We therefore tested a range of reagents commonly used. We found that 0.65% Sodium hypochlorite solution was the most effective reagent at removing external bacteria. However, the metagenome data of the eggs still contained 0.09% bacterial sequences. This indicated that some bacteria were present within the egg, or not all external bacterial DNA was removed. Furthermore, samples with low microbial biomass, such as the egg samples in our current study, are especially prone to give skewed results owing to contaminations in reagents and sequencing kits 24, 25 . In this study we could not unequivocally eliminate such exogenous contaminations. However, a detailed analysis of microbiome has revealed some interesting features as described below.
Among the most abundant genera in the egg dataset (Supplementary Table 2 ) were water-and soil-associated bacterial genera with Bradyrhizobium, Sphinogomas, Pseudomonas and Delftia encompassing together almost half (48%) of the bacterial reads in the egg dataset. Some of the bacteria detected are considered as normal or pathogenic inhabitants of the skin or were previously reported as mite microbiota 6, 38 . The remaining bacterial composition recovered from the DNA of washed eggs was overall consistent with the presence of Proteobacteria and Actinobacteria in the adult mites. The taxonomic profile of the egg bacterial metagenome may appear more diverse compared to the female metagenome, presumably because there is no overrepresented microbe taking up over 70% of the total bacterial read counts at the expense of other taxa.
The presence of Klebsiella and Streptomyces in the intestinal system of burrowing and feeding scabies mites is in agreement with findings from the other reported internal bacterial communities of synanthropic mites, for example Dermatophagoides farina, Lepidoglyphus destructor and Tyrophagus putrescentiae 39 . Klebsiella was the most abundant genus in the adult female scabies mite, with the majority belonging to the opportunistic pathogen K. pneumoniae. Klebsiella sp. are ubiquitous in nature and found in the environment and mucosal surfaces of pigs and humans 40 . Klebsiella sp. has been reported in the gut microbiota of Mediterranean fruit flies Ceratitis capitate and appeared to positively influence fecundity 41 . K. pneumoniae could play a similar role in the scabies mite biology, given its dominance in the microbiome and its residency in the mite gut. The clear co-localization of the Streptomyces and Klebsiella probes to the mite gut and feces of adult females, as well as, nymphs and larvae (data not shown), compared to their absolute absence from several hundred eggs individually examined under the confocal microscope, indicates that these bacteria are likely specifically adapted to the mite intestinal environment.
In alignment with a previous study 6 Corynebacteria sequences were prominent in the adult female and egg microbiota data. Symbiotic Corynebacteria have been reported to form part of the gut microbiota of the alimentary systems of arthropods feeding on skin, such as Triatoma infestans 42 Dermacentor reticulatus and Haemaphysalis concinna 43 . Our study is also in agreement with the previous finding by Mounsey et. al. that a common endosymbiont of arthropods of the genus Wolbachia was absent in the scabies mite metagenome 44 .
An advantage of whole metagenome shotgun sequencing is the availability of species specific information about the organisms in a microbiota. Using this approach we could characterize the species of potential pathogenic genera including Klebsiella, Streptococcus and Staphylococcus. BLAST and Kraken analyses predicted K. pneumonia as the most abundant species in the female mite dataset. This bacterium is a common opportunistic pathogen isolated from blood 45 and urine 46 and is an important cause of multidrug resistance worldwide. We were able to identify a beta-lactamases gene fragment on reads assigned to K. pneumoniae (3 reads) , indicating that the identified K. pneumonia in the female microbiome may carry resistance genes. Based on similarity searches we identified a read matching a plasmid, but no chromosomal sequence of S. aureus. Reads were similar (97% identity) to Staphylococcus hyicus, which is a porcine pathogen causing exudative epidermitis 47 , and to the common skin inhabitants Staphylococcus sciuri 48 , Staphylococcus kloosii 49 and Staphylococcus auricularis 50 , which are associated with opportunistic infections 51 .
To the best of our knowledge Streptomyces sp. as a potential scabies mite symbiont has not been reported. Streptomyces are ubiquitous soil bacteria, and were only relatively recently recognized as symbiotic bacteria of plants and invertebrates 34 . Streptomyces sp. are known for their ability to produce antimicrobial compounds and enzymes that degrade complex carbohydrates such as cellulose [52] [53] [54] . In the context of Streptomyces as a possible symbiont of scabies mites and its localization to the intestinal system, it is tempting to speculate that these bacteria may be assisting the mite in digestion of skin and serum, which form a complex nutrient source. In addition, they may play a role in providing antimicrobial compounds to inhibit other bacteria unfavourable to the mite, thereby shaping the mite gut-specific microflora. For instance the presence of Streptomyces has been reported in the intestinal systems of various arthropods such as termites, beetles, millipedes, woodlice and earthworms 34 and fascinating co-evolution has been proposed. Streptomyces sp. isolated from termite guts produce enzymes that degrade cellulose 53 and lignin 54 and thus provide the host with simplified nutrients. Streptomyces has been reported as a symbiont of European beewolves, where they reside in the specialized antennal glands and are applied to the brood cell prior to oviposition 55 . Streptomyces also produce multiple types of antimicrobial and antifungal compounds in order to protect beewolf larvae 56 . Similarly, fungus-growing ants (Acromyrmex octospinosus) are reported to harbour Streptomyces and the production of antimicrobial compounds is thought to protect the fungal garden from the attack of other parasitic bacteria and fungi 57 .
Vertical (transovarial) and horizontal transfer (via the environment) of symbiotic Streptomyces have been suggested 55, 57, 58 . From our FISH studies, we observed Streptomyces in the intestinal system of the burrowing stages, including adults, nymphs and larvae, and in excreted feces within the mite burrows, but not in the mite reproductive organs or eggs. A lack of fluorescence signal with the Eubacteria probe in eggs indicates that the internal tissue of the scabies eggs may be indeed sterile. Hence Streptomyces are unlikely to be transmitted from the mother to progeny via the transovarial route. We propose that hatched larvae take up Streptomyces from their microenvironment when they feed within the epidermal burrows.
Despite the striking similarities with respect to general structure, physiology and immunology between the skin of pigs and humans, their respective skin microbiota will be unique. While clinical manifestation of S. scabiei infection of pig and human are highly comparable (hence pigs are the chosen scabies animal model) the scabies associated host skin microbiota of pigs and human will be found to be different. Symbiotic bacteria, essential for parasite survival, likely have no direct influence on the host skin microbiota and scabies-associated skin pathology. However, understanding and targeting the interactions between mites and their symbionts could be a novel avenue to develop control measures for scabies infection. Following this agenda the next step would be to address the specific roles of Streptomyces and other mite-specific microbiota and to experimentally remove candidate symbiotic bacteria by specific antibiotic treatments. Such experiments should reveal their influence on mite survival and may indicate what niche they occupy within the parasite. collection of mites and eggs. Skin crust samples containing S. scabiei var. suis were obtained from our porcine scabies model (Sus scrofa domesticus) housed and maintained at QASP, UQ Gatton Campus. Crusts were divided into glass petri dishes, which were humidified with a moist paper pad, sealed with parafilm, covered with an aluminium foil and warmed overnight on a base light of a dissecting microscope at RT. This encourages the mites to crawl out of the crusts. For the preparation of genomic DNA for metagenome sequencing, groups of 2000 adult female mites and 4000 eggs were collected under a dissection microscope into sterile 2 ml reinforced microfuge tubes (MK28, Precellys ® ). For preparation of gDNA for PCR, groups of 50-100 adult female mites or eggs were collected into sterile 1.5 ml microfuge tubes (BioMasher II ® ). www.nature.com/scientificreports www.nature.com/scientificreports/ in solutions (1) to (3) 5 groups of 10 eggs each (n = 5) were collected into 0.2 ml microfuge tubes containing cleaning solution and agitated at 750 rpm for 7 min at RT. Samples were centrifuged at 30,000 × g for 3 min and the supernatant was removed. This washing process was repeated 2 times and eggs were rinsed twice with 200 µl of MQ water by agitation at 750 rpm for 7 min at RT followed by centrifugation at 30,000 × g for 3 min and supernatant was removed.
Methods
Establishing the washing technique to remove external DNA from mites and eggs.
For samples treated with DNase/Lysozyme mixture (4), 10 eggs were added to 50 µl of DNase/Lysozyme solution and incubated at 37 °C for 30 min at 200 rpm (Bioline Orbital incubator shaker). Eggs were centrifuged at 30,000 × g for 3 min and supernatant was removed. Eggs were washed with 200 µl of MQ water by agitation at 750 rpm for 7 min at RT followed by centrifugation at 30,000 × g for 3 min. After addition of 200 µl of MQ water and agitation at 750 rpm for 7 min at RT, eggs were incubated at 65 °C for 10 min to inactivate the DNase. Samples were then centrifuged at 30,000 × g for 3 min and supernatant was removed.
Homogenization of mites and eggs.
Mites and eggs were homogenized immediately prior to DNA extraction. Eggs were homogenized with a cordless hand-held homogenizer (Pellet Pestle ® , Kontes) using sterile pellet pestles (Kimble Chase). Mites were homogenized by bead-beating using 6 lots of 2.8 mm stainless steel beads (Precellys ® ) in a tube with 1 ml ice cold G2 buffer (Qiagen) in a Precellys ® 24 tissue homogenizer (Bertin Technologies) at 6,800 rpm for 3 × 30 s cycles with 30 s rests between each cycle at 4 °C. Tubes were centrifuged at 10, 000 × g to reduce foam and stainless steel beads were removed with sterile tweezers.
DNA extraction and precipitation. DNA from large pools of washed adult female mites or eggs was extracted using the Qiagen Blood and Tissue Mini kit (Qiagen) according to the manufacturer's instructions with minor modifications. 800 μl of ice cold G2 buffer and 100 µl of Proteinase K were added to the tubes. RNaseA was added to the final concentration of 0.2 mg/ml and samples were incubated in a water bath for 1.5 h at 56 °C. Samples were centrifuged at 4000 × g for 10 min at 4 °C. Five hundred µl of lysate was transferred into a Min-Elute spin column (Qiagen), centrifuged at 6,000 × g for 1 min, and the flow through was discarded. This process was repeated with the remaining cell lysate. The column was washed with 500 µl buffer AW1 by centrifugation at 6,000 × g for 1 min and the flow through was discarded. The column was washed again with 500 µl AW2 by centrifugation at 18,000 × g for 3 min and the flow through was discarded. DNA was eluted into a clean Eppendorf tube with 25 µl buffer AE, incubated at RT for 2 min, followed by centrifugation at 18,000 × g for 2 min. To achieve high DNA concentration required for metagenome sequencing, extracted DNA was pooled and precipitated by adding 0.1% Sodium acetate (3M, pH 5.2), 1 µl of glycogen and 2 volumes of 100% EtOH and storing overnight at −80 °C. Samples were centrifuged for 30 min at 18,000 × g at 4 °C, supernatant was removed, and the pellet was washed in 1 ml of 70% EtOH on ice for 5 min. Samples were centrifuged at 18,000 × g at 4 °C for 15 min, the supernatant was removed and the pellet air-dried and re-suspended in sterile TE buffer. For extraction of DNA from small pools (50-100 mites/eggs) samples, the same protocol for DNA homogenization and extraction was followed. Concentration of DNA was measured using the Quant-iT ™ PicoGreen ® dsDNA Reagent and Kits (Invitrogen) according to the manufacturer's instructions.
Analysis of various washing techniques by qPCR. Quantification of 16S rDNA was performed by
qPCR in a Roche LightCycler ® 480 with universal eubacteria primers ( Table 2) to detect all bacteria present in samples of 5 eggs. Five samples per treatment (n = 5) were subjected to qPCR in duplicate, and a positive control (1.54 × 10 7 copies/reaction), a no-template control and extraction controls were included. A dilution standard ranging from 1.54 × 10 8 to 1.54 × 10 0 copies/reaction was also included, to create a standard curve for absolute quantification. On completion of the qPCR, melting curve analyses and 2 nd derivative maximum analyses for absolute quantification were performed as outlined in the LightCycler ® 480 Instrument Operator's Manual, LightCycler ® 480 Software, Version 1.5 (Roche). A single internal standard was used to fit the externally generated standard curve prior to calculating the absolute copy number and Crossing point (Cp) values for each sample. The statistical significance was calculated by 1-way ANOVA, Dunnett's multiple comparisons test. PCR products were analyzed by gel electrophoresis. www.nature.com/scientificreports www.nature.com/scientificreports/ Metagenome sequencing. The metagenomes of washed scabies mites and eggs were sequenced by Mr. DNA Molecular Research (Shallowater, TX, USA). Libraries were prepared using Nextera ® DNA Sample Preparation Kit (Illumina, San Diego, CA, USA). Fifty ng of gDNA (2.4 ng/ul) was fragmented and end-tagged with an adaptor sequence. Tagged fragments were purified and amplified in a limited cycle PCR (5 cycles). The Qubit ® dsDNS HS Assay Kit (Molecular Probes, Life Technologies) was used to measure the library concentration and the average library size was determined by Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Libraries were pooled in equimolar ratios of 2 nM and 11 pM of library was clustered using the cBot (Illumina) and sequenced paired end for 300 cycles by HiSeq2500 system (Illumina).
Data processing and analysis. To generate pure scabies draft genomes without bacteria sequences, the published scabies draft genomes of S. scabiei (var. suis, var. hominis and var. canis) 59, 60 were re-analyzed. Putative chimeric scaffolds combining sequences from scabies and bacteria were excluded if at least 25% of the scaffold sequence matched a bacterial reference with at least 90% nucleotide identity using BLAST (NCBI bacterial genome database September 2016) 61 . Illumina paired-end reads derived from the mite and egg preparations generated here were quality trimmed using the software Trimmomatic 62 with a quality threshold of 20 and minimum read length of 30 nucleotide base pairs. Scabies mite sequences were filtered out by mapping these metagenome reads to the re-analyzed scabies draft genomes. Porcine host sequences were excluded by screening the pig draft genome (S. scrofa, draft assembly version Sscrofa10.2) 63 using the Burrows-Wheeler Aligner's Smith-Waterman Alignment algorithm (BWA-SW) 64 . The remaining unmapped reads were classified with the software Kraken v2.0.6 65 using the paired-end mode. The taxonomic composition was visualized using the software Krona plots 66 . Metagenome reads matching the beta-lactamase OKB gene (AM051161.1) were identified using BLAST. Reads matching Streptococcus or Staphylococcus taxa using the software Kraken were analyzed for the best species matches against the NCBI nucleotide database using BLAST. conventional and digital droplet pcR (ddpcR). Conventional PCR was performed using AmpliTag Gold ® DNA polymerase kit (Life Technologies TM ) according to the manufacturer's instructions to detect Streptomyces sp. and Wolbachia sp. using various sets of primers (Table 1 ). PCR detection for Klebsiella pneumoniae was included as a positive control, due to the high abundance of this bacterium in the metagenome of adult female mites. gDNA of mosquito infected with Wolbachia (Aedes aegypti strain wMel2) 33 , Streptomyces avermitilis ATCC3237 (provided by Professor Rob Capon, University of Queensland) and K. pneumoniae 8cb53 (provided by Pathology Laboratory, Queensland Health) were used as positive controls and for optimization of PCR conditions. PCR was performed on the gDNAs extracted from 5 samples of thousands of mites of various developmental stages including eggs and 10 samples of 50-100 mites or 50-100 eggs. PCR conditions were slightly varied for the detection of each type of bacteria. For Streptomyces sp., PCR reactions were denatured for 10 min at 94 °C, followed by 35 cycles each of 94 °C for 45 s, 50 °C for 40 s and 72 °C for 2 min, followed by an extension period at 72 °C for 10 min. For Wolbachia sp., PCR reactions were denatured for 10 min at 94 °C, followed by 35 cycles each of 94 °C for 10 s, 54 °C for 30 s and 72 °C for 45 s, followed by an extension period at 72 °C for 10 min. For K. pneumoniae, PCR reactions were denatured for 10 min at 94 °C, followed by 35 cycles each of 94 °C for 30 s, 57 °C for 20 s and 72 °C for 20 s, followed by an extension period at 72 °C for 10 min.
Duplex ddPCR was performed to quantify Streptomyces sp. and K. pneumoniae using ddPCR TM supermix for probes without dUTP according to the manufacturer's instructions (BIO-RAD). One ng of scabies mite or egg gDNA was used as a template. PCR reactions were denatured for 5 min at 95 °C, followed by 35 cycles each of 95 °C for 30 s, 58 °C for 1 min and 72 °C for 1 min, followed by one cycle each at 72 °C for 10 min, 4 °C for 5 min and 90 °C for 5 min. Primers used are listed in Table 2 .
fluorescent In Situ hybridization (fiSH). Batches of between 50 and 200 scabies mites or eggs were collected from porcine scabetic skin. Isolated mites and eggs and also whole crust pieces containing parasites were fixed by soaking in 4% paraformaldehyde solution for 1 h at RT and embedded in paraffin blocks. Four µm sections from these blocks were cut under aseptic condition and placed on sterile DNase/RNase free Uberfrost Plus glass slides (InstrumeC). Slides were deparaffinized in RNase free solutions of 100% Xylene for 2 × 10 min, 100% Ethanol for 2 × 5 min, 95% Ethanol for 2 × 5 min, 70% Ethanol for 5 min, then rinsed 3 x in MQ water. Samples were treated with proteinase K (20 µg/ml, 0.05 M TBS, 0.01 M calcium chloride, pH 8.0) at RT for 10 min, then rinsed 3 x with MQ water. Slides were dehydrated in 70% Ethanol for 2 × 5 min, 95% Ethanol for 2 × 5 min and air dried. Slides containing two adjacent sections were hybridized with a mixture of two probes each at 100 nM concentration for 16-20 h at 45 °C in the dark. Probes were labelled at the 5′ end with either CalFlour590, which excites at 566 nm and emits at 588 nm or Cy5, which excites at 633 nm and emits at 670 nm. The combinations used were EUB338 (5′CalFluor590-GCTGCCTCCCGTAGGAGT-3′) 67 +STREPM (5′Cy5-CCGGGTCTGCATTCGATACGGGCAGACT-3′) to detect Eubacteria and Streptomyces sp., or EUB338 + Kpn23S (5′ Cy5-CCT ACA CAC CAG CGT GCC -3′) 68 to detect Eubacteria and K. pneumoniae. Slides were washed with SSC buffer (Sigma) containing 10 mM DTT for 3 × 15 min at 55 °C, 1 × 10 min at RT with 0.2 µg/ml DAPI (Sigma) to stain nuclei and 1 × 10 min at RT. Slides were rinsed twice in MQ water and a coverslip was mounted with glycerol gelatine mounting medium (Sigma). Mites and associated bacteria were visualized under a Zeiss 780 NLO scanning confocal microscope. To assist orientation, sections adjacent to the sections analyzed by FISH were Haematoxylin stained 69 .
Data Availability
The raw Illumina sequencing data generated in this study are available from NCBI SRA, bio project number PRJ-NA513944 with BioSamples accessions SAMN10720096 (eggs) and SAMN10720097 (adult females).
